
4 TECHNICAL NOTE 
0 - 205 

FREE- FLIGHT INVESTIGATION AT MACH NUMBERS 

BETWEEN 0.5 AND 1.7 O F  THE ZERO-LIFT ROLLING EFFECTIVENESS 

AND DRAG O F  VARIOUS SURFACE, SPOILER, AND JET CONTROLS ON 

AN 800 DELTA-WING MISSILE 

By Eugene D. Schult 

Langley Research Center 
Langley Field, Va. 

NATIONAL AERONAUTICS AND SPACE ADMlNlSTRATlON 

February 1960 WASHINGTON 
a 8 9 - ~ C S  98  i&ASA-TN-E-205)  €BEE-PLIGH'I  INVESIIGATION 

d l  MACH BUBEkbS E E T C E E L  0.5 A A I :  1-7  OF THE 
2 € 6 0 - L I F I  B C L L I E G  EPEEC3IBELESS A N D  DRAG CF 
VEBIOUS SUBPACE, S k C I L E E ,  AIiC J E I  C O N T R O L S  
C b  A 8  80 DEGBEB Z E L I A - Y I N G  CJISZILE (NASA. 00/08 0197737 

Unclas 



i. NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-205 

FREE-FLIGHT INVESTIGATION AT MACH NUMBERS 

BETWEEN 0.5 AND 1.7 OF THE ZERO-LIFT ROLLING EFFECTIVENESS 

AND DRAG OF VARIOUS SURFACE, SPOILER, AND JET CONTROLS ON 

AN 8o0 DELTA-WING MISSILE* 

By Eugene D. Schult 

SUMMARY 

A f r e e - f l i g h t  invest igat ion of the z e r o - l i f t  r o l l i n g  effect iveness  
and drag of 18 ro l l -cont ro l  arrangements on a cruciform BOo delta-wing 
missi le- l ike configuration w a s  conducted over the Mach number range 
between 0.5 and 1.7. Tests were made of def lected surfaces,  spoi le rs ,  
and i n l e t - a i r - j e t  devices i n  order t o  give evidence t o  simple theory f o r  
def lected surfaces and t o  determine some e f f e c t s  of chordwise locat ion 
f o r  s p o i l e r s  and blowing d i rec t ion  and spanwise loca t ion  f o r  j e t s  near 
the wing t r a i l i n g  edge. 

The r e s u l t s  demonstrated t h a t  a l l  controls  Were s a t i s f a c t o r y  r o l l -  
producing devices except the canards located immediately forward of the 
main wings and spoi le rs  a t  other than trail ing-edge locat ions.  
modification embodying the area-rule concept reuuced the drag s i g n i f i -  
cant ly  and caused l i t t l e  change i n  the r o l l i n g  effect iveness  of a f l a p  
extending i n t o  the body indentation. For the  j e t  controls ,  a comparison 
w a s  made between the control  forces  generated by the various wing-jet 
combinations and the purely react ive thrus t  of the i s o l a t e d  j e t  blowing 
normal t o  the wing chord plane. 
of t h e  order of 10 a t  subsonic speeds and of the  order of 3 at  super- 
sonic speeds f o r  je ts  blowing approximately normal t o  the  wing surface 
from a l i n e  of o r i f i c e s  along the  t r a i l i n g  edge. 
d i r e c t i n g  air p a r a l l e l  t o  the wing surface and normal t o  t h e  f l i g h t  
d i r e c t i o n  were not so e f f i c i e n t  but were s t i l l  more e f f e c t i v e  than a 
pure jet-reaction-type control.  The rol l ing-effect iveness  r e s u l t s  are 
compared with simple theor ies  which neglect a l l  interference e f f e c t s .  

A fuselage 

The r e s u l t s  ind ica te  force magnifications 

Spanwise-blowing jets 

* 
Supersedes recent ly  declassif ied NACA Research Memorandum ~ 3 6 ~ 2 9  

by Eugene D. Schult, 1956. 
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INTRODUCTION 

Slender configurations employing highly swept, low-aspect-ratio w i n g s  
have been of current  i n t e r e s t  i n  the missi le  design f i e l d  f o r  a number of 
reasons which involve reduced drag, the wing thermal-structural  problem a t  
high speeds, and miss i le  p o r t a b i l i t y  aboard a i r c r a f t .  
there  i s  a general  need f o r  addi t iona l  control  information on such slender 
configurations. 
interference and i t s  influence on simple methods f o r  predict ing e f fec t ive-  
ness, and p a r t l y  t o  the lack of data on controls  f o r  which l i t t l e  theory 
e x i s t s  - notably s p o i l e r s  and a i r - j e t  devices. 

A t  the present  time, 

This need i s  due p a r t l y  t o  the nature of the wing-body 

Some indicat ion of the  l i m i t  of present s implif ied methods f o r  e s t i -  
mating the r o l l i n g  effect iveness  of def lected surfaces i s  provided by 
slender-configuration theory applied t o  all-movable-wing controls  ( r e f .  1). 
Under the assumption t h a t  the flow remains attached, t h i s  theory demon- 
s t r a t e s  t h a t  the interference e f f e c t s  contributed by the body and v e r t i c a l  
wings are small f o r  body diameters l e s s  than 30 percent of the span. For 
t h i s  range of body diameters, therefore ,  it i s  conceivable t h a t  simple 
theories vhich neglect interference may be adequate insofar  as the predic- 
t i o n  of r o l l i n g  effect iveness  i s  concerned. It i s  of i n t e r e s t  t o  confirm 
t h i s  experimentally f o r  the def lected wings described previously and a l s o  
f o r  other low-span def lected surfaces which may be a f fec ted  by interference 
or  l o c a l  flow separation. 

Spoilers and a i r - j e t  controls  hold promise from the low-actuating- 
force standpoint. Previous experiments with p l a i n  spoi le rs  have s h o m  the 
trail ing-edge locat ion t o  be most e f fec t ive  ( r e f .  2 ) ;  however, i n  order t o  
a l l e v i a t e  the high drag penalty,  i t  has been suggested t h a t  ramp-type 
spoi le rs  o r  p l a i n  s p o i l e r s  located s l i g h t l y  behind the t r a i l i n g  edge be 
tes ted .  Also of concern is  the p o s s i b i l i t y  of wing f l u t t e r  induced by the 
s p o i l e r  a t  high speeds. 

Recent invest igat ions of  a i r - j e t  controls  consis t ing of a l i n e  of 
o r i f i c e s  i n  the wing surface have demonstrated t h a t  the j e t  e f f e c t i v e -  
ness varies almost l i n e a r l y  with the j e t  mass-flow rate or flow momentum. 
(See re fs .  3 t o  5.)  
a l l y  the more e f f e c t i v e  f o r  a given f l o w  r a t e  (possibly because of the  
grea te r  stream penetrat ion achieved). 
e f fec ts ,  i f  any, of j e t  spanwise locat ion and t o  evaluate the  e f f ic iency  
of spanwise-blowing arrangements wherein the  j e t  i s  d i rec ted  p a r a l l e l  t o  
the wing surface normal t o  the  f l i g h t  d i rec t ion .  
i n a t e s  the need f o r  wing ducts and permits the  use of extremely t h i n  
wings for reduced drag a t  high speeds. 

These data  a l s o  show t h a t  smaller o r i f i c e s  are gener- 

It i s  of i n t e r e s t  t o  determine the 

This i n s t a l l a t i o n  elim- 

. The appl icat ion of the area-rule concept t o  miss i les  has been con- 
s idered n o t  only as a means f o r  reducing drag but  a l s o  f o r  obtaining a 
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b e t t e r  d i s t r i b u t i o n  of fuselage volume for  the i n s t a l l a t i o n  of seeker 
components. Controlwise, it i s  important t o  determine what influence 
t h i s  modification may have on the  effectiveness of a control  p a r t i a l l y  
submerged within the  body indentation and i n  a region of possible  f l o w  
separation. 

I n  the present  invest igat ion,  measurements were made between Mach num- 
bers  of 0.5 and 1 .7  of the z e r o - l i f t  ro l l ing  effect iveness  and drag of a 
var ie ty  of controls  on a slender,  highly swept, miss i le - l ike  configuration. 
The control  problems enumerated above were invest igated by means of the  
rocket-model technique. For comparative purposes, most of the controls  had 
the same span. The deflected-surface r e s u l t s  were compared with simple 
theory and p l a i n  trail ing-edge spoi ler  data  with two-dimensional es t imates  
based on the wedge analogy of reference 6. 
present and other tests of wing-jet controls were compared with the purely 
reac t ive  t h r u s t  of the j e t  alone i n  an e f f o r t  t o  c o r r e l a t e  the ava i lab le  j e t  
information and t o  evaluate the performance of the various wing-jet 
combinations. 

The force data  derived from t h e  

CD 

C l  
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C 
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SYMBOLS 

cross-sect ional  area,  sq f t  

wing span, f t  

wing chord, f t  

Drag - t o t a l  drag coef f ic ien t  based on exposed w i n g  area,  
qsx 

incremental drag coeff ic ient  a t t r i b u t e d  t o  controls  

incremental l i f t  coeff ic ient  due t o  control  b a e d  on t o t a l  
L i f t  p lanar  wing area,  - 

qs 

rolling-moment coeff ic ient  based on t o t a l  area of w i n g s  wi th  
Rolling moment controls  attached, 

qSb 

rolling-moment coeff ic ient  per  degree of surface def lec t ion  

wing o r  configuration damping-in-roll c o e f f i c i e n t  based on 

t o t a l  wing area,  Damping moment, per radian 
(Pb/2V) qSb 
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cP 

CF 

jet.-momentum coef f ic ien t  based on t o t a l  a rea  of wings with 
m ; V i  

controls  attached, 
qs 

j e t - t h r u s t  force coef f ic ien t  based on t o t a l  j e t - e x i t  area,  
Thrust force 

diameter, f t  unless noted otherwise 

j e t  t h r u s t  force,  l b  

v e r t i c a l  coordinate measured above wing surface normal t o  
wing chord plane, f t  unless noted otherwise 

t o t a l  force  magnification obtained with wing-jet combination 
expressed i n  terms of react ive t h r u s t  force of i s o l a t e d  j e t  
directed normal t o  wing chord plane 

body length, f t  

length and width, respect ively,  of s l o t ,  f t  

d is tance between o r i f i c e s ,  f t  

Mach number, f r e e  stream unless noted otherwise 

j e t  mass flow rate, slugs/sec 

model r o l l i n g  veloci ty ,  radians/sec 

wing-tip he l ix  angle,  radians 

pressure? lb/sq f t  

stream stagnation pressure a t  i n l e t ,  lb / sq  f t  

dynamic pressure,  free-stream unless otherwise noted, ZPa$ or  
2 

radial coordinate, dimensions as noted 

wing-plan-form area taken t o  model center  l i n e  unless otherwise 
noted, sq  f t  

L 
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(Sf/S), r a t i o  of exposed control-surface area t o  exposed :ding area 
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t w i n g  thickness,  f t  

v veloci ty  of model unless noted otherwise, f t / s e c  

W j e t  mass-flow rate, t o t a l  for  wings with j e t s  attached, 
slugs /see 

X longi tudinal  coordinate, f t  

Y spanwise coordinate measured from and normal t o  longi tudinal  
axis, f t  

p =,/I1 - M21 

6 control-surface def lect ion,  average f o r  a l l  surfaces,  per 
surface,  deg 

A increment 

wing or  f l a p  sect ion trailing-edge angle, pos i t ive  f o r  a sharp 
t r a i l i n g  edge, deg 

sd 

7 r a t i o  of spec i f ic  heats, 1.40 f o r  a i r  

P stream density,  slugs/cu f t  

aspect r a t i o  

T.E. t r a i l i n g  edge 

C1,C2,C3 constants 

Subscripts : 

a . ambient or s t a t i c  free-stream conditions 

C canard 

f f l a p  or a i le ron  

i i n l e t  plane or inboard extent of control  

j j e t - e x i t  plane (geometric c h a r a c t e r i s t i c s  of or stream condi- 
t i o n s  therein)  

0 outboard extent  of control 
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wing r c o t  a t  fuselage juncture 

spoi le r  

exposed 

DESCRIPTION OF MODELS 

Nine of the 18 rocket-propelled test  vehicles employed i n  t h i s  
invest igat ion are i l l u s t r a t e d  i n  the photographs of f igure  1. Figure 2 
presents the d e t a i l s  of the  basic  tes t  vehicle which w a s  used i n  most 
of the tests. 
r a t i o  0.7 mounted on a pointed cy l indr ica l  fuselage.  The basic  wings 
had modified hexagonal sect ions approximately 2 percent t h i c k  a t  the 
wing-fuselage juncture and blunt t r a i l i n g  edges equal t o  one-half the  
maximum wing thickness. The basic  wing w a s  modified as shown so  t h a t  
three of the configurations employed thin-trail ing-edge wings. 
fuselage had an overa l l  f ineness r a t i o  of 11, a nose fineness r a t i o  of 
3.3, and a diameter equal t o  26 percent of the t o t a l  wing span. 
-,<as made of a modified fuselage shape which followed the area-rule con- 
cept  f o r  reduced drag and had, i n  addition, a b e t t e r  d i s t r i b u t i o n  of 
fuselage volume f o r  i n s t a l l a t i o n  of missile seeker components. Table I 
l ists  the body coordinates and f igure  3 compares the cross-sect ional  area 
d is t r ibu t ions  f o r  both the basic  and modified fuselage configurations.  
I n  each case the wing sweep and exposed wing span were constants.  Both 
models a lso had approximately the same maximum cross-sectional area and 
fuselage volume. 

It consisted of 80° d e l t a  cruciform wings of aspect 

The basic  

One tes t  

The r o l l  controls  comprised various arrangements of def lected sur- 
faces ,  spoi lers ,  and a i r  jets ( f i g .  4 ) .  Most of these controls  w e r e  of 
equal span and extended from the fuselage t o  the 75-percent s t a t i o n  of 
the exposed wing semispan. Controls were located on a l l  wings and were 
equally deflected t o  produce z e r o - l i f t  r o l l .  

The deflected-surface controls  included i n l i n e  canards, def lected 
main wings, p l a i n  f l a p s  i n  conjunction with both fuselage shapes, s p l i t  
f l a p s ,  and detached surfaces located a t  two chordwise posi t ions i n  the  
wing wake. The control  of model 8 w a s  arranged t o  simulate e i t h e r  a 
s p l i t  f lap,  a spoi le r  ramp or ,  with minor correct ions t o  the data t o  
account for  the slope of the t r a i l i n g  edge, a p l a i n  f l a p  with extremely 
thick t r a i l i n g  edges. 

The spoi le rs  consisted of the ramp previously mentioned and three  
p l a i n  spoi lers  a t  chordwise locat ions forward of ,  a t ,  and behind the w i n g  
t r a i l i n g  edge. The spoi le r  project ions were equal and of the order of the 
l o c a l  wing thickness.  A small normal accelerometer (vibrometer) w a s  
embeddedin one wing of the spoiler-mounted models t o  de tec t  the presence 
of possible spoiler-induced f l u t t e r .  
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The a i r - j e t  controls  consisted of simple i n l e t - j e t  arrangements using 
a i r  obtained from the f r e e  stream. The a i r  w a s  d i rec ted  e i t h e r  spanwise 
along or  approximately normal t o  the wing surface near the t r a i l i n g  edge. 
T e s t  var ia t ions were made i n  the spanwise placement and spanwise ex ten t  of 
the o r i f i c e s  and i n  the o r i f i c e  area.  The i n l e t  f r o n t a l  areas were equal 
f o r  a l l  configurations and occupied approximately 6 percent of the model 
f r o n t a l  area. 

FLIGHT-TESTING TECHNIQUE 

The t e s t  measurements of zero- l i f t  r o l l i n g  effect iveness  and drag 
were obtained by the rocket-model technique and covered the  Mach number 
range between approximately 0.5 and 1.7.  The f l i g h t  tests were conducted 
a t  the Langley P i l o t l e s s  Ai rcraf t  Research S ta t ion  a t  Wallops Island, V a .  
A two-stage rocket p o p u l s i o n  system accelerated the model t o  the maximum 
test  Mach number i n  approximately 3 seconds. During the 20-second t i m e  
i n t e r v a l  t h a t  followed, the model decelerated through the  t e s t  Mach number 
range while measurements were made of the veloci ty  with a CW Doppler 
velocimeter (radar) and of r o l l i n g  velocity with spinsonde radio equip- 
ment. These data i n  conjunction w i t h  radiosonde information and space 
coordinates, obtained with a modified SCR-584 radar u n i t ,  permitted an 
evaluation of the  Mach number M, the t o t a l  drag coef f ic ien t  CD, and the  
wing-tip he l ix  angle pb/2V as functions of time. Also obtained during 
the f l i g h t  t e s t s  of the spoiler-mounted models were time h i s t o r i e s  of the 
wing-bending accelerat ion i n  order t o  provide some indicat ion of the  possi-  
b i l i t y  of spoiler-induced w i n g  f l u t t e r .  

The t e s t  Reynolds number var iedwi th  Mach number from approximately 
2 x 10 6 to 1 x 107 per f o o t  f o r  a l l  configurations ( f i g .  5 ) .  

ACCURACY AND CORRECTIONS 

Calculations and f l i g h t - t e s t  experience indicate  t h a t  the t es t  
r e s u l t s  are accurate t o  within the following l i m i t s :  

Sub s oni c Supersonic 

M . .  . . . . . . . . . . . . . . . . . . . . .  f O . O 1  fO .01 
pb/2V, radians . . . . . . . . . . . . . . . .  iO.003 to. 002 
CD . . . . . . . . . . . . . . . . . . . . . .  i0.003 f0 .002 

S l i g h t  correct ions were made i n  the rol l ing-effect iveness  data t o  
account f o r  small var ia t ions i n  wing incidence (from 0') due t o  
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. 
construction tolerances.  These var ia t ions i n  wing incidence were usual ly  
l e s s  than fO.03". 

a l l  cases these correct ions were l e s s  than 

The corrections were applied by using the averaged 
measured w i n g  incidence i n  conjunction with t e s t  data from model 2 .  I n  4 

Apb/2V = iO.001 radian. 

In order t o  compare the r o l l i n g  effect iveness  of the various def lected 
surfaces not t e s t e d  a t  the Same deflection, it was assumed t h a t  the e f fec-  
tiveness varied l i n e a r l y  with def lect ion.  

reduced t o  the form -, where 6 i s  an average of the measured deflec- 

t ions  of a l l  four control  surfaces.  I n  t h i s  case the  accuracy of measuring 
the angular def lect ion of the control  surfaces i s  believed t o  be within 
f0.0083° per f o o t  of mean deflected-surface chord. 
of measured f l a p  def lect ion from the average f o r  a l l  four  surfaces w a s  
usually less than k0.1'. 
e t e r  pb/2V 
and f o r  the air-jet  controls  t e s t e d  i n  conjunction with equal i n l e t  areas .  

These data were therefore  
Pb/2V 

6 

The maximum deviat ion 

The data were l e f t  i n  terms of the basic  param- 
f o r  the s p o i l e r  controls  which were tested a t  equal project ion 

# 

No corrections were made t o  account f o r  the e f f e c t s  of model i n e r t i a  
about the roll axis  on the measured r o l l i n g  effect iveness  when time var ia-  
t ions  in  r o l l i n g  veloci ty  occurred. It  w a s  estimated that these var ia t ions  
from the s teady-state  r o l l  condition were s m a l l  and within the accuracy 
l i m i t s  of the t e s t i n g  technique. 

RESULTS AND DISCUSSION 

The t e s t , r e s u l t s  a r e  presented as curves of the z e r o - l i f t  r o l l i n g  
effectiveness p l o t t e d  against  Mach number i n  f igures  6 t o  13, j e t - t h r u s t  
coeff ic ients  and thrust-force magnifications against  Mach number i n  
f igures  14 and 15, and drag coef f ic ien t  against  Mach number i n  f igures  16 
t o  19. 
spoi le rs ,  and i n l e t - j e t  controls,  a l l  i n  connection with cruciform 
80° delta-wing configurations.  The tests were l imited t o  a s ingle  def lec-  
t i o n  f o r  each surface,  t o  a constant project ion f o r  a l l  spoi le rs ,  and t o  a 
constant i n l e t  area f o r  a l l  je ts .  Estimates of the r o l l i n g  effect iveness  
were based on the following equation f o r  steady, single-degree-of-freedom 
r o l l  : 

Discussed i n  order of t h e i r  presentation a r e  def lected surfaces,  

The rolling-moment coeff ic ients ,  C l  and C were obtained from the r e f -  

erences noted i n  the f igures .  The e f fec t ive  control span used i n  estimating 
IP' 

c 



!C 

9 

l i  

C z  
employed. 

w a s  exposed span, except f o r  the deflected wings where t o t a l  span w a s  

Rolling Effectiveness 

Deflected-surface controls.-  The data f o r  a l l  def lected surfaces  a r e  
presented i n  f igures  6 t o  9. 

Canards: Figure 6 shows that roll reversa l  w a s  obtained by def lec t ing  
canards located immediately forward of and i n  l i n e  with the  main wings. 
The measured data are presented i n  the basic  form pb/2V f o r  6c = 6.06~. 
Results a r e  compared with the calculated r o l l i n g  effect iveness  of t h e  con- 
f igurat ion,  no in te rac t ion  between canard and wing surfaces being assumed. 
(See r e f .  1.) 
of e f fec t ive  downwash ( o r  sidewash) from the canards w a s  equivalent t o  a 
b u i l t - i n  negative wing incidence of approximately 0 . 8 O .  
emphasize t h a t  canards followed by large wing areas  a r e  not s a t i s f a c t o r y  
roll-producing devices i n  the  usually accepted sense. 

From the increment between t h e  curves, the  estimated angle 

These r e s u l t s  

All-movable wings: I n  f igure  7 the measured r o l l i n g  effect iveness  of 
d i f f e r e n t i a l l y  def lected wings, p l a i n  f l a p s ,  and detached surfaces are shown 
by the s o l i d  curves. Estimates based on ava i lab le  theory ( r e f s .  1, 8, 9, 
10, and 11) a r e  noted by the broken curves. For the  def lected wings, the 
r e s u l t s  indicate  that the e f f e c t  of Mach number on r o l l i n g  effect iveness  i s  
s m a l l ;  these r e s u l t s  a r e  i n  good agreement with the r e s u l t s  of previous 
invest igat ions on other wings ( r e f .  7 ) .  The experimental curve agreed wel l  
with the predict ions of slender-wing theory f o r  the planar wing alone 
(def lected t o  model center  l i n e ) .  The predicted interference e f f e c t s  
a r i s i n g  from the addi t ion of the body and v e r t i c a l  w i n g s  a re  shown by 
theory t o  be small f o r  t h i s  body diameter (0.261~). 
overestimated the w i n g  effect iveness  by approximately 1.5 percent. 

Simple s t r i p  theory 

P l a i n  f l a p s :  The r o l l i n g  effectiveness of the  two flap-type a i l e r o n s  
of equal span but  d i f fe ren t  chord are  i n  good agreement a t  supersonic speeds 
with the l e v e l  and t rend predicted by l i n e a r  theory applied t o  t h i n  planar  
wings. (See f i g .  7 . )  The measured results f o r  both f l a p s  a r e  a l s o  com- 
pared with values based on zero-aspect-ratio theory f o r  slender-wing cont ro l  
arrangements. The implication of t h i s  theory t h a t  control  effect iveness  i s  
independent of f l a p  chord near zero values of the reduced aspect r a t i o  
parameter p(AR) appears t o  hold reasonably w e l l  near the l imi t ing  case 
( M  = 1.0) f o r  the la rger  chord a i le ron .  The lower effect iveness  of the 
narrow-chord, thin-trail ing-edge ai leron a t  this Mach number may be caused 
by viscous e f f e c t s  not accounted f o r  by the  theory. . 

Detached surfaces:  A comparison of the r o l l i n g  power of p l z i n  f l a p -  
type a i le rons  with endplated detached surfaces of the same plan form 
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located i n  the wing wake shows the p l a i n  f l a p  t o  be more e f f e c t i v e  a t  zero 
l i f t  throughout the t e s t  Mach number range. (See f i g .  7 . )  No s i g n i f i c a n t  
improvement i n  the effect iveness  of the detached surfaces w a s  obtained by 
doubling the gap from one t o  two a i l e r o n  chord widths. A t  subsonic speeds, 
the leve l  f o r  the detached surfaces w a s  approximately two-thirds the value 
calculated f o r  a two-dimensional i s o l a t e d  surface assuming a theore t ica l  
l i f t -curve  slope of 2s f o r  the surface and the t h e o r e t i c a l  damping-in-roll 
moment coef f ic ien t  (fi(AR)/32) f o r  the planar wing alone ( r e f .  10 ) .  
supersonic speeds, s i m i l a r  two-dimensional estimates of the effect iveness  of 
an i so la ted  surface were made by using l i n e a r  theory; these values agreed so  
closely with the predicted curve f o r  the p l a i n  f l a p  (model 5 )  that f o r  the 

d 

A t  

7 
sake of c l a r i t y  they were omitted. 0 

i- 
U 

S p l i t  f l a p s  and f lap-sect ion modification: Figure 8 compares the 
r o l l i n g  power of p l a i n  and s p l i t  f l a p s  based on the f l a p  def lect ions 
appropriate f o r  each type of control .  The r e s u l t s  show t h a t  the s p l i t  
f l a p s  were approximately half  as ef fec t ive  as the p l a i n  f l a p s  over the 
t e s t  Mach number range. Again r e s u l t s  compared favorably with zero-aspect- 
r a t i o  theory ( r e f .  10) a t  subsonic and transonic speeds and with l i n e a r  
theory ( r e f s .  9 and 11) a t  supersonic speeds. 
the s p l i t  f l a p s  w e r e  derived on the bas i s  of the l o c a l  wing-flap mean-line 
def lect ion and presented i n  terms of upper-surface p r o f i l e  def lect ion.  

4 

The t h e o r e t i c a l  curves f o r  - 

The e f f e c t  of modifying the  sect ion of the p l a i n  f l a p  by increasing 
the trail ing-edge thickness i s  shown i n  f igure  9.  The curve f o r  the th ick  
trail ing-edge control  w a s  derived from the data of model 8 a f t e r  applying 
a minor correct ion f o r  base pressure act ing on the incl ined base. 
base-pressure data were obtained from reference 12. The influence of the 
gap along the outer edge of the f l a p  (model 3) w a s  neglected i n  accordance 
with data published i n  reference 13. Results show t h a t  increasing the 
trail ing-edge thickness beyond the hinge-line thickness generally improved 
the f l a p  effect iveness .  An estimate of t h i s  improvement a t  supersonic 
speeds i s  obtained by correct ing l i n e a r  theory ( r e f .  9 )  o r  data  f o r  the 
other  f l a p  sect ion f o r  the two-dimensional e f f e c t s  of f l a p  trail ing-edge 
angle ( r e f .  14 )  using Busemann's third-order approximation of two- 
dimensional flow. This correct ion f a c t o r ,  derived i n  reference 14 and 
appl ied herein t o  

The 

Cz6, is  as follows: 

c 

The trail ing-edge angle @ i s  expressed i n  radians and the constants C1, 
C 2 ,  and C3, which depend primarily on Mach number, may be obtained from 
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the calculat ions of reference 14. The estimates a re  shown t o  be i n  good 
agreement with experimental r e su l t s .  

P la in  f l a p  with fuselage modification: Figure 10 i l l u s t r a t e s  t h e  
e f f ec t  of a change i n  fuselage shape on plain-f lap r o l l i n g  effect iveness .  
Flap plan form and the f r ac t ion  of exposed span occupied by the f l a p  were 
iden t i ca l  i n  both cases. 
body indentat ion and in to  a region of possible flow separation had l i t t l e  
influence on the r o l l i n g  effectiveness.  This implies, however, that, i f  
f l o w  separation had occurred, the reduction i n  f l a p  effect iveness  w a s  pro- 
por t iona l  t o  a reduction i n  the damping i n  r o l l  of the  configuration due 
t o  the fuselage modification. (See eq. 1. ) I n  the present  case, approxi- 
mately a t h i r d  of the f l a p  span was screened by the maximum diameter sta- 
t i o n  of the modified fuselage.  

It is  noteworthy t h a t  extending the f l a p  i n t o  the 

Spoi ler  controls . -  Figure 11 presents some e f f e c t s  of spoi le r  shape 
and chordwise locat ion.  Span and projected height remained constant.  The 
ramp (model 8) i s  seen t o  be about half as e f f ec t ive  a t  subsonic speeds 
and almost equally e f f ec t ive  a t  supersonic speeds as the p l a in  s p o i l e r  
(model 9 ) .  The most s a t i s f ac to ry  chordwise loca t ion  f o r  the p la in  spo i l e r  
was a t  the t r a i l i n g  edge which agrees with other spo i l e r  data on wings of 
l e s se r  sweep ( r e f .  2 ) .  A more forward chordwise locat ion (model 11) caused 
r o l l  reversal ,  probably because of the mechanics of the flow reattachment 
t o  the wing behind the spoi le r ;  s imilar ly ,  the r e a r  open-gap pos i t ion  
(model lo), suggested as a means f o r  reducing drag, w a s  r e l a t i v e l y  ineffec-  
t i v e  a t  supersonic speeds. 

A subsonic estimate of the ramp effect iveness ,  based on the same 
theory employed i n  connection with the s p l i t  f l a p  ( f i g .  8) is  repeated i n  
f igure  11. A t  supersonic speeds the symbols show corresponding two- 
dimensional estimates f o r  the plain and ramp spo i l e r s  based on cont ro l  
loadings from plane-shock relat ions and free-stream flow conditions.  
the p l a in  spo i l e r ,  the  wedge analogy of reference 6 was employed t o  de te r -  
mine the  extent  of the control  pressure f i e l d  ac t ing  on the wing forward 
of the spoi le r .  
the ramp on model 8, which occupies the  region forward of the spo i l e r .  
The "wedge" apex angle and chord are adjusted according t o  l o c a l  flow 
conditions so that the pressure r i s e  produced by the wedge matches the 
c r i t i c a l  rise necessary f o r  boundary-layer separation forward o f a  s t e p  
surface discont inui ty .  In the present case, the experimental pressure 
coef f ic ien ts  necessary t o  separate a turbulent  boundary layer  were 
obtained from reference 15 and subst i tuted in to  plane-shock r e l a t ions  
( r e f .  16) t o  determine the wedge angles ana corresponding control  
"surface" a reas .  
effect iveness  by means of equation (1) by using theo re t i ca l  values of 
C f o r  the cruciform configuration ( r e f .  1). The r e su l t i ng  semiempirical 

estimates a r e  shown t o  agree well with t e s t  data. As a matter of i n t e r e s t ,  
the wedge angles were of the order of 9 O ,  1l0, and 13' a t  
and 2.0, respect ively.  

For 

This method presmes the presence of a wedge, s imi l a r  t o  

The loadings were then expressed i n  terms of r o l l i n g  

2P 

M = 1.5, 1.7, 
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The r e s u l t s  of the vibrometer t e s t s  t o  obtain indicat ions of s p o i l e r -  
induced f l u t t e r  were negative. No o s c i l l a t i o n s  were apparent i n  the 
var ia t ion of wing bending accelerat ion against  time. 

A i r - j e t  controls . -  The r o l l i n g  effectiveness of the various i n l e t - j e t  
devices a re  presented i n  f i g u r e s  12 and 13. A i r  w a s  supplied t o  the  jets 
from simple inlets of equal intake area i n  a l l  cases.  

J e t s  blowing normal t o  w i n g :  Figure 12 shows the var ia t ions  with Mach 
number of the r o l l i n g  effectiveness of a i r  je ts  blowing approximately nor- 
m a l  t o  the wing surface.  I n  addi t ion t o  present data, some cwves  f o r  a 
ful l -span j e t  configuration of similar o r i f i c e  p a t t e r n  ( ref .  3) and f o r  a 
configuration with j e t s  forward of the t r a i l i n g  edge ( r e f .  4 )  are presented. ( 

The l a t t e r  model w a s  o r i g i n a l l y  p a r t  of the present invest igat ion but ,  \ 

t 

t 

because of s t r u c t u r a l  f a i l u r e  during tes t ,  no f r e e - f l i g h t  data were obtained. 
Results show t h a t  the effect iveness  of inboard jets increases almost l i n e -  
a r l y  with increasing span a t  supersonic speeds (models 14 and 12 and r e f .  3 ) .  
I n  the same speed range, the higher effect iveness  of the outboard j e t  loca- 
t i o n  over i t s  corresponding inboard locat ion can be accounted f o r  by con- 
s ider ing the difference i n  moment arms (models 13 and 1 4 ) .  
the effectiveness of adjacent spanwise elements t o  obtain the effect iveness  
of a larger span i s  not p r a c t i c a l  f o r  t h i s  configuration (models 12, 13, 
and 1 4 ) ;  t h i s  i s  probably due t o  the reduction i n  u n i t - j e t  flow r a t e  
resu l t ing  from the increase i n  manifold flow l o s s  with increased e x i t - t o -  
i n l e t  area r a t i o .  J e t s  forward of the t r a i l i n g  edge were inef fec t ive ,  as 
w e r e  p la in  spoi le rs  a t  the same pos i t ion  ( f i g .  11). 

” 

Superposition of 

J e t s  blowing spanwise along wing: The arrangements of j e t s  blowing 
spanwise along the wing were considered an end point  f o r  j e t  devices which 
a f f e c t  the flow over the wing. 
the j e t  available f o r  control  purposes i s  s m a l l ,  it w a s  believed t h a t  t h i s  
disadvantage might be o f f s e t  by the s implif icat ion achieved through el imi-  
na t ion  of wing ducts.  Two methods f o r  obtaining proportional control  were 
t e s t e d  i n  connection with the outboard j e t  configuration: (1) a constant-  
flow system ( A j / A i  = Constant) where a i r  w a s  e jec ted  a t  d i f f e r e n t i a l  r a t e s  
t o  both upper and lower surfaces (models 15 and l”), and (2)  a var iable-  
flow system ( A  j/Ai # Constant) where the flow rate t o  one surface w a s  con- 
t r o l l e d  by adjust ing the e x i t  p o r t  area (models 15 and 16 ) .  Results 
shown i n  figure 13 indica te  t h a t  the  second method r e s u l t s  i n  a more 
l i n e a r  increase i n  r o l l i n g  effect iveness  with increased n e t  e x i t  a rea  over 
the e n t i r e  speed range of the t e s t .  A comparison of the r e l a t i v e  effec-  
t iveness  of the jets blowing normal t o  the wing and jets blowing spahGise 
and p a r a l l e l  t o  the wing can be gained from the curves of reference 3 
( f i g .  12) and model 15 ( f i g .  13) .  It w i l l  be seen t h a t  t h i s  comparison, 
based on approximately equal j e t  e x i t  a reas ,  shows both types are near ly  
equally effect ive a t  supersonic speeds. The inboard spanwise blowing con- 
f igura t ion ,  consis t ing simply of a p a i r  of turning vanes (model 18) w a s  
about two-thirds as e f f e c t i v e  as the outboard arrangement (model 15) .  

Although the react ive t h r u s t  component of 

r 



Jet thrust-force magnification: A determination was made of the 
force magnifications produced by the various wing-jet combinations in 
order to correlate the present results with other jet-control informa- 
tion and to provide a realistic basis for comparing the performance of 
normal- and spanwise-blowing arrangements. The force magnification KF 
is defined as the ratio of the incremental normal force generated by the 
wing-jet combination to the normal force possible from the purely reactive 
thrust of the isolated jet blowing normal to the wing chord plane. It 
seems reasonable to assume that these magnifications are applicable over a 
fairly wide range of jet flow conditions since both the jet effectiveness 
and thrust vary almost linearly with the jet momentum. The present corre- 
lation, which covered a wide range of jet-flow conditions, tends to sub- 
stantiate this assumption. 

In the calculations described in the appendix, the values of KF were 
derived from incremental lift, rolling moment, and rolling effectiveness 
information and from thrust measurements of the manifold-orifice configura- 
tion. Differences in the spanwise location of the jet were taken into 
account. The jet thrust coefficients were determined from ground tests of 
the various duct systems and are presented in figure 14. 
the actual and ideal thrust coefficients (fig. 14(b)) indicates considerable 
flow loss within the manifold, particularly for those manifolds having 
normally blowing jet arrangements. These losses increased with increased 
ratio of exit area to inlet area (fig. 14(c)), which might be expected 
because of the increased flow velocity inside the manifold. 

A comparison of 

The thrust coefficients were applied to actual flight conditions 
experienced by the model by employing theoretical free-stream stagnation 
pressures at the inlet and ambient free-stream conditions at the jet exit. 
It should be recognized that the thrust of the isolated jet as determined 
by these calculations and used in KF 
an idealized case and is not necessarily the actual thrust of the jet in 
combination with the wing. 
difference between the assumed ambient gressmre at the jet exit and the 
actual local wing back pressure which, because of jet effects, exists as 
part of the wing pressure field to produce force magnification. 
wing back pressures were substituted into the calculations, the estimated 
thrust would probably be somewhat lower and the estimated force magnifi- 
cation somewhat higher than reported herein. 
that the present usage of the isolated normal jet thrust in determining 
the force magnification gives a more realistic expression of the perfor- 
mance of the wing-jet combination. 

to correlate the data represents 

This difference in thrust arises from the 

If actual 

It is believed, however, 

&rived values of KF against Mach number are presented in figure 15. 
All free-flight effectiveness data on jets blowing approximately normal to 
the wing surface correlate fairly well at supersonic speeds on the basis of 
differences in jet thrust and control moment arm (fig. l5(a)). At high 



subsonic speeds, however, considerable s c a t t e r  i s  evident due la rge ly  t o  
the  changes i n  o r i f i c e  pat tern;  the smaller o r i f i c e s  o r  r a t i o s  of o r i f i c e  
diarreter t o  spacing were apparently more e f fec t ive  aerodynamically. The 
average t h r u s t  magnification i s  of the order of 10 a t  subsonic speeds and 
decreases t o  3 a t  supersonic speeds. Jets  blowing spanwise and p a r a l l e l  
t o  the wing surface a r e  less e f f i c i e n t  f o r  a given flow rate than the  nor- 
mally blowing type although s t i l l  more e f fec t ive  than a pure je t - reac t ion  
control  (KF = 1). 
equal exit-area bas i s  ( f i g s .  12 and 13)  revealed only s m a l l  d i f ferences i n  
j e t  effectiveness;  t h i s  i s  a t t r i b u t e d  t o  the higher flow rates resu l t ing  
from the lower manifold losses  f o r  the spanwise-blowing arrangement 

It w i l l  be reca l led  that comparing j e t  types on a near ly  

5 ( f i g .  1 4 ( b ) ) .  c 
t u 

I n  f igure  l 5 ( b )  the f r e e - f l i g h t  r e s u l t s  a re  seen t o  agree general ly  
with values of KF determined from referenced l i f t  and rolling-moment 
data. For referenced configurations having i n l e t s ,  the  calculat ions were 4 

based on the t h r u s t  information presented i n  f igure  1 4 ( c ) .  
a i r  w a s  employed f o r  the jets, 
curves of the l i f t  o r  rolling-moment data against  j e t  momentum, taken near 
zero momentum coef f ic ien t .  Figure l 5 ( c )  compares f r e e - f l i g h t  r e s u l t s  f o r  
80' d e l t a  wings with magnifications obtained on other plan forms ( r e f s .  5 ,  
1.7, and 18).  
smaller o r i f i c e s  o r  data obtained a t  s l i g h t  angles of a t tack .  The r e s u l t s  
a r e  i n  good agreement a t  transonic speeds. 

When ex terna l  
KF w a s  estimated from the slopes of the 

.. 

The higher values i n  each case symbolize the  data  f o r  the 

It appears from the results of f igure  l> (a )  t h a t  spanwise-blowing 

For a configuration 
j e t s  may have promise i n  reducing the landing speed or  a t t i t u d e  of 
ex is t ing  airplanes having low-aspect-ratio wings. 
employing tip-mounted, forward, underslung engines equipped with j e t -  
exhaust def lectors ,  it seems possible  t h a t  considerable l i f t i n g  force i n  
excess of t h a t  obtained from j e t  react ion alone could be made ava i lab le  
by d i rec t ing  a l l  or  p a r t  of the engine exhaust horizontal ly  inboard under 
the wing. 
fuselage s ides  t o  r e d i r e c t  the j e t  downward. While not so  e f fec t ive  as 
downward-directed j e t s  along the t r a i l i n g  edge, it would appear t h a t  t h i s  
type of c i rcu la t ion  control  would of fe r  a simpler i n s t a l l a t i o n ,  s ince no 
wing ducts a r e  required, and may, i n  addi,tion, provide some degree of la t -  
e r a l  control  by d i f f e r e n t i a l  t h r o t t l e  manipulation. Further tests w i l l  be 
required, however, t o  evaluate f u l l y  the operational as wel l  as the sta- 
b i l i t y  and control  aspects of t h i s  arrangement i n  connection with an 
airplane-type configuration. 

This l i f t  increment might be f u r t h e r  increased by shaping the 

Drag 

General. - Figure 16 presents the measured t o t a l  drag coef f ic ien ts ,  
based on exposed w i n g  area,  of the t es t  configurations with def lect ion-  
type controls .  A l s o  presented i s  the drag contr ibut ion of the  body alone - 
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from reference 1.9 based on the same charac te r i s t ic  area.  No correct ions 
have been made i n  the data t o  account f o r  the induced-drag increment due 
t o  roll inasmuch as theore t ica l  estimates f o r  model 2 show that t h i s  
increment i s  less than 0.001 ( r e f .  10). 
trailing edges nearly doubled the incremental drag of the wing (models 3 
and 5 ) .  
increased the drag of the p la in  a i le ron  r e l a t i v e  t o  the clean wing (models 2, 
3, and 8 ) .  

Results demonstrate t h a t  t h e  th ick  

Increasing the ai leron trail ing-edge thickness s i g n i f i c a n t l y  

Figure 17 shows the drag reduction obtained by modifying the fuselage 
v i a  the area-rule  concept. I n  each case the drag coef f ic ien ts  are based on 
the exposed w i n g  area of the basic configuration (model- 3 ) .  
cross-sect ional  area and fuselage volume remained e s s e n t i a l l y  constant f o r  
both models ( f i g .  3) .  

The maximum 

Figure 18 presents the drag coeff ic ients  f o r  the spoi le r  controls  
r e l a t i v e  t o  the drag of the so-called clean configuration (model 2 )  and 
the body alone. 
doubled the t o t a l  drag of the wing-body c o n f i g p a t i o n  a t  a l l  t e s t  Mach 
numbers. For the same projected height, the incremental drag of the  ramp 
w a s  l e s s  than half that of the p l a i n  spoi le r .  Drag curves f o r  the a i r - je t  
configurations are shown i n  f igure  19 r e l a t i v e  t o  the drag of the clean 
configuration and the body alone. It can be seen t h a t  the incremental 
drag of the i n l e t - j e t  control  was not a f fec ted  t o  a - l a r g e  extent  by var ia-  
t ions  i n  the j e t  span or  flow rate; t h i s  is  i n  agreement with other data 
( r e f s .  3 t o  5 ) .  

It can be seen t h a t  projecting the p l a i n  spoi le r  almost 

Drag comparison of controls.  - A review of the  preceding data demon- 
sii=ates t h a t  the higher leve ls  of ro l l ing  effect iveness  obtained with cer- 
t a i n  controls  were frequently accompanied by large drag penal t ies .  It may 
be of i n t e r e s t ,  f o r  high-speed missiles,  t o  show the drag penalty of each 
control  type a t  a given l e v e l  of effectiveness,  even though, f o r  shor t -  
range appl icat ions,  drag i s  usually of secondary importance compared with 
other control  c h a r a c t e r i s t i c s .  

Figure 20 presents p l o t s  a t  three t e s t  Mach numbers of the r o l l i n g -  
effect iveness  parameter against  the incremental drag c o e f f i c i e n t  AC, f o r  
the various controls .  The incremental drag i n  each case w a s  obtained by 
subtract ing from the t o t a l  drag the drag of the clean configuration (model 2 ) .  
I n  i n t e r p r e t i n g  the  r e s u l t s  f o r  a i lerons and spoi le rs  it is  assumed f o r  pur- 
poses of comparison t h a t  both ro l l ing  effect iveness  and drag are l i n e a r  
functions of control  def lect ion s o  t h a t  a s t r a i g h t  l i n e  between the o r i g i n  
and each t e s t  point  defines the curve of increasing control  def lec t ion  f o r  
t h a t  control .  For j e t s ,  on the other hand, the j e t  i n l e t  cons t i tu tes  an 
e s s e n t i a l l y  f ixed drag penalty s o  t h a t  a s t r a i g h t  l i n e  between the o r i g i n  
and the  tes t  poin t  describes the e f f e c t  of an increasing inlet  f r o n t a l  area 
f o r  a given r a t i o  of i n l e t  area t o  j e t - e x i t  area;  i n  t h i s  case, it i s  
assumed that the incremental drag of the i n l e t ,  the  i n l e t  flow rate, and 
the j e t  effectiveness a re  a l l  proportional t o  the intake area.  



The r e s u l t s  for t h i s  wing sect ion substant ia te  the concept t h a t  the  
most e f fec t ive  controls  judged on a drag bas is  are movable wings and p l a i n  
f l a p s ,  followed i n  order by s p l i t  f l a p s  o r  ramp spoi le rs ,  p l a i n  spoi le rs ,  
and f i n a l l y  i n l e t - a i r - j e t  devices. A t  t ransonic speeds, the a i r  j e t s  w e r e  
equally e f fec t ive  as s p l i t  f l a p s .  Obviously, the use of other  w i n g  sec- 
t i o n s  t a i l o r e d  t o  the control  would a l t e r  t h i s  p i c t u r e ,  p a r t i c u l a r l y  f o r  
spanwise-blowing jets adaptable t o  t h i n  wing sect ions, .  
energized by a source other than i n l e t s .  

f o r  jets 

CONCLUSIONS 

A f r e e - f l i g h t  invest igat ion of the z e r o - l i f t  r o l l i n g  effect iveness  
and drag of def lected surfaces,  spoi le rs ,  and two types of i n l e t - a i r - j e t  
arrangements on a cruciform 80° delta-wing missi le- l ike configuration w a s  
conducted by means of the rocket-model technique f o r  Mach numbers between 
0.5 and 1.7. The following conclusions were obtained: 

1. The r e s u l t s  demonstrated t h a t  a l l  controls  t e s t e d  were s u i t a b l e  
roll-producing devices except the canards immediately forward of the main 
w i n g s  and spoi le rs  away from the t r a i l i n g  edge. Detached surfaces i n  the 
wing wake were about half as e f fec t ive  a t  zero l i f t  as p l a i n  f l a p s  of the 
same plan form. 

2.  A fuselage modification embodying the area-rule concept reduced 
the drag s i g n i f i c a n t l y  and caused l i t t l e  change i n  the r o l l i n g  effect iveness  
of a f l a p  extending i n t o  the body indentation. 

3. Experimental r e s u l t s  substant ia ted the predict ions of slender-wing 
theory for  the  control  effect iveness  of all-movable wings throughout the  
tes t  speed range. When interference e f f e c t s  were neglected, good estimates 
of the  f lap  effect iveness  were obtained a t  supersonic speeds with l i n e a r  
theory and f o r  the larger-chord f l a p  a t  sonic speeds with zero aspec t - ra t io  
theory. 

4. Spoiler effectiveness a t  supersonic speeds compared favorably with 
two-dimensional and semiempirical estimates.  There w a s  no ind ica t ion  of 
spoiler-induced f l u t t e r .  

5 .  A correlat ion of the je t -effect iveness  data  with the t h r u s t  force 
alone of the i s o l a t e d  j e t  turned normal t o  the wing chord plane revealed 
force magnifications of the order of 10 a t  subsonic and 3 a t  supersonic 
speeds f o r  jets blowing approximately normal t o  the surface from o r i f i c e s  
along t h e  t r a i l i n g  edge. 
f i c a t i o n s  being of the order of 3.0 and 1.5, respectively.  
bas ic  moment arm considerations, there  w a s  no e f f e c t  of spanwise placement 
of jets blowing normal t o  the surface.  

Spanwise blowing w a s  not  as ef fec t ive ,  the magni- 
Aside from 
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6. A comparison of control types on a drag basis substantiates that 
all-movable wings and flaps were most effective for a given drag penalty. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., August 15, 1956. 

I -  
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APPENDIX 

WING-JET THRUST-MAGNIFICATION RATIO 

The f a c t o r  KF is  herein defined simply as the r a t i o  of the incre-  
mental normal force produced by any wing-jet combination t o  the normal 
force  avai lable  from t h r u s t  alone of the i s o l a t e d  j e t  blowing normal t o  
the  wing chord plane. It w a s  determined as a function of Mach number from 
the experimental data of present and other  tests i n  an e f f o r t  t o  cor re la te  7 
the  data and t o  provide the  designer with a p r a c t i c a l  means f o r  estimating P 

co 
v, or evaluating the performance of jet-control-wing combinations. 

I n  the cor re la t ion  the values of KF were determined near zero angle 
of a t tack  from referenced incremental- l i f t  and rolling-moment data and from 
f r e e - f l i g h t  rol l ing-effect iveness  (pb/2V) data by means of the following 
re la t ions  : 

and, f o r  steady-state r o l l ,  

The charac te r i s t ic  t h r u s t  moment arm y is  taken as the semispan 
ordinate  from the r o l l  ax is  t o  the midjet-span s t a t i o n  f o r  the jets 
blowing approximately normal t o  the wing and t o  the  j e t - e x i t  plane f o r  
j e t s  blowing spanwise and p a r a l l e l  t o  the  wing. The damping-in-roll 
coef f ic ien t  C f o r  the 80° d e l t a  f r e e - f l i g h t  configurations were ca l -  

culated f rom theory ( r e f .  l), these values being i n  good agreement with 
the experimental r e s u l t s  of reference 4. The j e t  t h r u s t  force F w a s  
determined experimentally i n  most cases f o r  the ac tua l  manifold i n  order 
t o  eliminate possible e f f e c t s  a r i s i n g  from differences i n  flow lossea  
associated with differences i n  the manifold shape o r  the o r i f i c e  s i z e  and 
arrangement. 

2P 

For the i n l e t - j e t  devices the t h r u s t  coef f ic ien ts  were obtained as 
The manifold assembly with a s m a l l  to ta l -pressure tube i n  reference 3. 



i n s t a l l e d  i n  the i n l e t  plane w a s  placed on a force balance and connected 
t o  a compressed-air supply by means o f  a s t r a i g h t  f l e x i b l e  duct.  
nonanl-force measurements were obtained f o r  a range of i n l e t  stagnation- 
pressure r a t i o s  
reduced t o  coef f ic ien ts  by the convenient r e l a t i o n  

Total  

Pt/Pa between approximately 1.2 and 4 atmospheres and 

Figure 14 presents typ ica l  variations of the  measured t h r u s t  c o e f f i c i e n t  
against  pressure r a t i o  and r a t i o  of e x i t  area t o  i n l e t  a rea  f o r  the 
present t e s t  and other j e t  arrangements. The r e s u l t s  a r e  compared with 
the ideal t h r u s t  coef f ic ien ts  f o r  a convergent nozzle by considering the 
nozzle entrance plane t o  correspond t o  the manifold i n l e t .  The curve 
defining the i d e a l  t h r u s t  coeff ic ient  of a compressible gas emerging from 
the nozzle af ter  expanding isentropical ly  t o  the nozzle e x i t  from stagna- 
t i o n  conditions upstream w a s  derived fro~n the j e t - t h r u s t  equation based 
on steady-flow impulse, momentum, and pressure re la t ions  : 

F = m j V j  + Aj(Pj - P a )  

For subsonic j e t s ,  where the equality o f  Pj and Pa eliminates the  

pressure term, the i d e a l  t h r u s t  coef f ic ien t  becomes 

A t  subsonic speeds the i d e a l  j e t  Mach number a t  the nozzle e x i t  may be 
r e l a t e d  t o  the upstream stagnation pressure by means of the following 
expression (from r e f .  16): 

Subs t i tu t ing  t h i s  expression f o r  P,l,i i n t o  the preceding equation f o r  
C r e s u l t s  i n  
piileal 
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when y = 1.4 .  
approaches the incompressible-flow value of 2.0 f o r  a convergent nozzle 
obtained from Bernoul l i ' s  equation. 

Near zero-flow conditions the value of t h i s  expression 

- 
For choked nozzles (Pt/Pa 5 1.89, M j  = 1.0, and P j  = 0.528Pt) it 

can be shown t h a t  the  i d e a l  t h r u s t  c o e f f i c i e n t  fo r  a ccnvergent nozzle 
reduces t o  

Dividing numerator and denominator by Pa and l e t t i n g  7 = 1.4 y ie lds  

L 
8 
1 
9 

A comparison of actual  and i d e a l  coef f ic ien ts  i n  f igure  14 indicates  con- 
s iderable  f r i c t i o n  loss  within the manifold, p a r t i c u l a r l y  f o r  the v e r t i c a l l y  
blowing devices having large e x i t - t o - i n l e t  area r a t i o s .  , 

I n  order t o  r e l a t e  the above coef f ic ien ts  t o  free-stream conditions 
a t  a given Mach number, the following i d e n t i t y  w a s  subs t i tu ted  i n t o  
equation (Ab) : 

Pi - Pa = 2q pP$2) 

Values of the free-stream stagnation pressure r a t i o  Pt/Pa t h e o r e t i c a l l y  
avai lable  a t  the i n l e t  face were calculated from the  conventional p i t o t  
equations ( r e f .  16) which, a t  supersonic speeds, assume the presence of a 
normal shock for-dard of the i n l e t .  

c 

Collecting terms by subs t i tu t inp  the  preceding r e l a t i o n s  f o r  j e t  
t h r u s t  i n t o  i,,i-ations (~l), (Q) ,  an? 0-3) and l e t t i n g  y' = y/g yields  



21 

L 
8 
1 
9 

For referenced j e t  configurations t e s t e d  with ail  from an ex te rna l  
s o u c e ,  t he  value of KF was obtained from the  slopes of the  data curves 

mult ipl ied by , and - z, taken near zero vali.2s of t h e  momentum UC, 13% 
3% 3% Y' 
- 

coe f f i c i en t  C p .  This presumes that near zero momentum coe f f i c i en t  t he  
J e t s  are skbscnic s o  t h a t  C r e f l e c t s  the  ac tua l  ava i lab le  j e t  t h r u s t  
i n  conbination v i t h  the wing i n  accordance with equation (A?). 
pleteness ,  it should be mentioned t h a t  the  data coe f f i c i en t s  and 
necessar i ly  based on the same referenced area. 

c1 
For com- 

C,, 
are 

Further  information and ana lys i s  of t he  thrust magnifications obtained 
with an operat ional  j e t  cont ro l  system may be found i n  reference 2 0 .  
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TABU I.- BODY COORDINATES 

d 1.30 d 
.6# d 

x, in. 

0 
2.50 
5 .oo 
7.50 
10 .oo 
12.50 
15 .oo 
17 - 50 
20 .oo 
23 .oo 
26.44 
30 .oo 
35-00 
40 .G3 
44.83 
50 .oo 
55-00 

rl, in. 

0 
0.61 
1.15 
1.58 
1.96 
2.26 
2.44 
2.50 (max.) 

r2, in. 

0 
0.61 
1.15 
1.58 
1.96 
2.32 
2.62 
2.87 
3.05 
3.19 
3.25 b x . )  
3.1-9 
2.90 
2.16 
1.625 
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Model 1 

Model 2 

Model 3 

L-95777 ( a )  Closeup views of several  models. 

Figure 1.- Photographs of several  of the  t e s t  vehicles employed i n  the  
present investigation. 
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Model 5 

Model 6 

Model 9 

Model 12 

(a) Concluded. L-95778 

Figure 1.- Continued. 



A- J 

. 

L-90168.1 
( b )  Model 15 mounted w i t h  booster on launching s tand 

and being prepared for f l i g h t  t e s t .  

Figure 1.- Concluded. 
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L amihatt-d muhogany oyer/ay 
I /rY4/,nch fhck 2 0 2 4 - T 4  

I ao 

Figure 2.- Geometric and structural details of wings and cylindrical 
fuselage combination. A l l  dimensions in inches. 
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. 

rl 

il 
? 

(basic codiqura fjon) 

Figure 3.- Variation of model cross-sectional area with model length for 
basic and modified fuselage configurations. 2 = 4.58 ft. 



Mode/ 1 , - Ldhe canards ; 6, = 6.06'. 

- 6/Z = 0.802 f.? 

- .260 b/. 
- 

I 
Scaled yap 

Mode/ 2 .  - DtFPcfed winqs ; a,,, = 0.67'. 

Models 3 and 4. - P/an //ups on bask and modified body shapes; 
body coordlnaies listed in fafde 1. 

Figure 4.- Geometric details of roll-control configurations. Wings have 
thick trailing edges ( 0.5tmax) unless otherwise noted. Dimensions 
are in inches. 

-, 



. Figure 4.- Continued. 
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-& z ~oo'(sph;tf/up) 
h=.326 (spoiler) 

Vibromdfr embedded d h i o  one -43.5-!4- 

Mode/ 9. - Sea/& p/ah spodtx Lh= .326 

Figure 4.- Continued. 
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Mode/ /2, - (AJ’/Ai = 0.72). 

Mode/ 13. - (Aj/Ai = 0.36) . 

Mode/ 14. - (Aj/Ai = 0.36). 

Figure 4. - Continued. 
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Contra/ vur;ub/es 

Mode/s  15, 16 and 1 7 .  - Inlcf-j@f ; j e t  b/ouinY spanwise inward; 
A; = 0.00195' (toial) . 

- w;ng traihncf edqt' 

flow turning vanes 
cavity open io base 

see tior) A-A 

Mode/ /8.-  J Q f  b/owjny spunwisP outwat-d; Ai  = O . O O / J S  (total). 

Figure 4.- Concluded. 
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.4 .6 .a I .  0 1.2 1.4 1.6 18 
M 

7 c2 
r- 
4 

Figure 6.- Variation with Mach number of the rolling effectiveness of dif- 
ferentially deflected inline canard surfaces; & = 6 7 O ;  (yo), = 0.5b/2. 

-06 

.Or 

-04 

O X Y  -03 
*f 

.oz 

P I  

0 
.4 .6 .8 LO 1.2 1.4 /.6 1.8 2.0 

M 

Figure 7.- Variations with Mach number of the rolling effectiveness per 
degree deflection for deflected wings and flap surfaces. 
and 3 have thick-trailing-edge wings; models 5, 6, and 7, thin- 
trailing-edge wings. 

Models 2 

= 0.26b/2; (y ) = 0.82b/2. 
(yi) f O f  



37 

. 
.4 .6 .8 /.Z 1.4 /.6 2.0 

M 

Figure 8.- Conparison of the rolling effectiveness of plain and split 
flaps. Constant flap chord and f l a p  span; yi 

(sf/s)x = 0.10. 

.04 

.03 

0 
1.2 1.4 J. 6 I, 8 2.0 

M 
.4 .6 .8 1.0 

Figure 9.- Effect of increased flap-trailing-edge thickness on rolling 
effectiveness. yiI2 = 0.26; yo/k 2 = 0.82; ( S f / S ) x  = 0.10. b 
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Figure 10.- Ef fec t  of a body shape modification on p l a i n  f l a p  r o l l i n g  
effectiveness.  Constant f l a p  chord, f l a p  span, and exposed wing 
span; d = 5.00 i n .  

.4 .8 1.2 1.4 1.6 f.8 t O  

M 

Figure 11.- Vaziation of r o l l i n g  effect iveness  with Mach number f o r  
spoi le r  controls showing e f f e c t  of type and chordwise locat ion.  

yi/$ = 0.26; yo/$ = 0.82; h = 0.008cr = 0.87tm. 
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- AJ/Ai 
0.72 

.36 

1 
.72 

2.0 

Figure 12.- Variations with Mach number of t h e  r o l l i n g  effect iveness  of 
a i r  jets blowing approximately normal t o  t h e  wing surface using a i r  
obtained from simple i n l e t s .  Orifice diameter, d j  = O.O134b/2; 
o r i f i c e  spacing, A2 = 1.46dj on centers; i n l e t  area, A i  = O.OOl9S. 

.8 LO LZ 1.4 16 L8 2.0 .4 -6 
M 

Figure 13.- Variations with Mach number of the  r o l l i n g  effect iveness  of 
a i r  j e t s  blowing spanwise over the wing surface using a i r  obtained 
from simple i n l e t s .  I n l e t  area, A i  = 0.OOlgS; net  exi t -port  width, 
h' = ( h i  - h*)/t-. 
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(a) Schematic sketch showing inlet-jet test setup for determining CF. 

0 1 2 3 4 5 6 7 

q/P, 

(b) Effect of inlet stagnation pressure ratio on CF for 
present-test jet configurations. 

Figure 14.- Jet thrust coefficients derived from force tests of varibus 
inlet-jet orifice arrangements. Ai = 0.308 sq in. 
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CF 

1.6 t 
- 

1.2 - 

.8 - 
- 

.4 - 
- 

0 I I I I I I I i I I I 

( c )  Effect  of r a t i o  of e x i t  area t o  i n l e t  area on C$ f o r  the rarlge: 

1.2 < 3 < 4.0. 
Pa 

Figure 14. - Concluded. 
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8 -  
K f  

A -  

KF 

- 

- 
Jet  thrust alone-\ 

- - .  O- - -J 
C l l I I ' I '  1 I I I 

9 . t4 

I I ,  I 1 .  1 I I 

.z .4 .6 .8 LO L 2  I. 4 /.6 
A 4  

(a)  Values of KF fo r  present and reference 3 t e s t  configurations 
employing i n l e t - j e t  ro l l -cont ro l  devices near the t r a i l i n g  edge of 
80' d e l t a  wings a t  zero l i f t .  I n l e t  areas  Ai and j e t  o r i f i c e  
spacing A2 a r e  constants. 

I (  I I "  
Ref. I x/c 

0 4 10.99 

16 

7 co 
t-J 
\D 

(b)  Coxaparison, f o r  v e r t i c a l l y  blowing j e t s  on 80' d e l t a  wings, of KF 
from f igure l5(a)  with values derived from referenced r o l l i n g  moment 
and incremental- l i f t  data  near zero lift. 

Y 

Figure 15.- Variations with Mach number of the  thrust-force magnification 
Je t  t h r u s t  i s  assumed t o  obtained with several  wing-jet combinations. 

a c t  normal to w i n g  chord plane. 
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.4 .6 .8 LO 1.2 1.4 L6 1.8 i 
M 

0 

Figure 16.- Variations with Mach number of the total drag coefficient 
of body-alone and present-test configurations with deflected- 
surface-type controls. 

M 

Figure 17.- Effect of a fuselage modification on the total drag of a 
plain-flap-controlled configuration. Equal maximum cross-sectional 
areas; fuselage volume factor relative to volume of model 3 fuselage; 
6f = 6 . 0 ~ .  
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I Confiqwa fion 
w 

wing 0 

I u 

0 .Ol 

(a) M = 0.7. 

0 .o/ 

PCD 

(b) M = 1.0. 

0 .Ol .oz 

( c )  M = 1.5. 
Figure 20.- Correlation of measured r o l l i n g  e f fec t iveness  w i t h  incre-  

mental drag coef f ic ien t  LED f o r  various controls .  ACb based on 
t o t a l  exposed wing area; thick-t rai l ing-edge wing configurations.  .-. 

. 
NASA - Langley Field, Va. L-819 


